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The origin of the elements in the Universe



Nuclear Astrophysics
What is the Universe made of?

Where do elements come from?

How do nuclear reactions take place?

Challenges of Nuclear Astrophysics

Experimental methods
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How nucleosynthesys begins (long story short…)
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Time after Big Bang Temperature [K] Key Events

0 - 10
-43

s ∞ - 10
32

Big Bang – Planck epoch. Physics can not yet describe this time.

10
-43

s 10
32

Gravitational force separates from the strong-electro-weak force.

10
-35

s 10
27

The strong force separates from the electro-weak force.
Inflation occurs? Universe expands by factor of 10

25
.

Quarks, leptons and gluons were present.

10
-12

s 10
15

Electroweak symmetry breaking (four fundamental forces now distinct).
Leptogenesys and baryogenesis.
Gravity starts to control expansion.

10
-6

s 10
13

Quarks and anti quarks form protons, neutrons and antiparticles.
Protons and antiprotons, neutrons and antineutrons annihilate each other leaving 
slight excess of protons and neutrons plus lots of photons.
The temperature is still too high to allow nucleosynthesis.

0.1-1 s 10
10 n/p ratio freezes-in (≃ 𝟎. 𝟐𝟏)

Temperature is now sufficiently low to allow nucleosynthesis.



Big Bang Nucleosynthesys (BBN)
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heavier nuclei are not anymore
photo-disintegrated as soon as
they are produced



Composition of the early Universe

The Universe
3 minutes after the Big Bang

Hydrogen
75%

Helium
25%

Others
combined

<<1%
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There were no stars 
nor planets yet



Composition of the present Universe

The Universe
3 minutes after the Big Bang

Hydrogen
75%

Helium
25%

Others
combined

<<1%

The Sun
today

Hydrogen
73.20%

Helium
25.07%

Oxygen
0.80%Carbon

0.36%
Iron

0.16%
Neon
0.12%

Nitrogen
0.09%

Silicon
0.07%

Magnesium
0.05%

Sulphur
0.04%

Others combined
0.04%
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The Universe
3 minutes after the Big Bang

The Sun
today
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?

What causes the composition to change?



From a molecular cloud to a star...
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(Notable examples of H-burning mechanisms)
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(more advanced H-burning cycles)

federico.ferraro@infn.it Particles In Collisions 2023 11



…going through cyclic burning processes…
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…to stellar explosions
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Nuclear Reactions 

and 

Properties of Nuclei

Interstellar 
medium

BIRTH
gravitational 
contraction

DEATH
explosion 
ejection

Stars



SN-Ia (AGB+WD)

WD+WD merger

SN-II

NS-NS merger



SN 1987A,
SNR (II) in
Big Magellan Cloud.
HST

Crab Nebula,
SNR (II) 1054 in Zeta Tauri.

HST

“Pillars of creation” in NGC 3324, Carina Nebula.
JWST

G299.2-02.9,
SNR (Ia) in the Milky Way.
CHANDRA
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Nucleosynthesis due to 
the shock wave in a SN-II
(since explosion)



Jennifer A. Johnson, Populating the periodic table: Nucleosynthesis of the elements.Science363, 474-478(2019).DOI:10.1126/science.aau9540
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https://doi.org/10.1126/science.aau9540


The energy of nuclei in a plasma follows a
Maxwell-Boltzmann distribution

the cross section falls faster than exponentially
as the energy decreases

The Gamow peak defines the relevant energy
range for this reaction to occur

Consider a reaction

A + B → C + D

The reaction rate (input of evolutionary models) 
is given by

𝑟 = NANBන

0

∞

𝜙 𝑣 𝜎 𝑣 𝑣 d𝑣

How do nuclear reactions take place?
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Challenges of Nuclear Astrophysics
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Below a certain energy, the experimental counting
rate is too low and the cosmic-ray induced
background prevents the direct measurement of
the cross section

𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 𝒄𝒐𝒖𝒏𝒕𝒊𝒏𝒈 𝒓𝒂𝒕𝒆
=

𝑏𝑒𝑎𝑚 𝑓𝑙𝑢𝑥
×

𝑡𝑎𝑟𝑔𝑒𝑡 𝑛𝑢𝑐𝑙𝑒𝑖 𝑎𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
×

𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
×

𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

1014 pps (100 µA 1+ beam)

1019 atoms/cm2 (often smaller)

10-36 cm2 (often smaller)

10-1 (often smaller)

a few counts/day



EXTRAPOLATION

Below a certain energy, the experimental counting
rate is too low and the cosmic-ray induced
background prevents the direct measurement of
the cross section

Introducing the astrophysical S-factor S(E) and
factorizing the Coulomb interaction term apart:

𝝈 𝑬 =
𝟏

𝑬
𝒆−𝟐𝝅𝜼𝑺(𝑬)

it is possible to measure the cross section at high
energy and extrapolate the astrophysical factor S(E)
in the interesting energy range (Gamow window)

Challenges of Nuclear Astrophysics
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Challenges of Nuclear Astrophysics

unexpected low-energy resonances may be
present in the extrapolation region!

But…

introducing the astrophysical S-factor S(E) and
factorizing the Coulomb interaction term apart:

𝝈 𝑬 =
𝟏

𝑬
𝒆−𝟐𝝅𝜼𝑺(𝑬)

it is possible to measure the cross section at high
energy and extrapolate the astrophysical factor S(E)
in the interesting energy range (Gamow window)
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Below a certain energy, the experimental counting
rate is too low and the cosmic-ray induced
background prevents the direct measurement of
the cross section



Methods to takle these challenges
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• Indirect measurements
• THM
• ANC
• Coulomb dissociation

• Underground Direct 
measurements

The cross section of a suitable two-body to three-body
reaction (A+x → c+B+y) is used to extract the cross section for
a relevant two-body reaction (A + a → c + B) at stellar energies.

Based on the normalization of the tail of
the quantum overlap of bound state wave
functions of the initial and final nuclei

As Coulomb induced dissociation is an inverse to
the radiative capture process, one can relate the
measured Coulomb dissociation cross section
(which can be measured at high beam energies and
are larger in magnitude) to the relevant radiative
capture cross section



Methods to takle these challenges
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• Indirect measurements
• THM
• ANC
• Coulomb dissociation

• Underground Direct 
measurements

Model dependent,
Need normalization

Model independent
Need no normalization



Methods to takle these challenges
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• Indirect measurements
• THM
• ANC
• Coulomb dissociation

• Underground Direct 
measurements

Model dependent,
Need normalization

Model independent
Need no normalization
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Active since 2023



It has been the only underground accelerator for nuclear astrophysics for 25 years

Its results include solar physics (solar neutrinos)
cosmological model
big bang nucleosynthesis (BBN)
stellar nucleosynthesis
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http://server11.infn.it/video/multimedia/esperimento-luna-lngs-2016/Main_Page.html


The Gran Sasso National Laboratory (LNGS)

LUNA-MV

Min. overburden: 3400 mwe
muon flux reduction:      106

neutron flux reduction:  103
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Gamma background reduction

gamma background
reduction:  104

mostly muons

radioactivity
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Neutrons Charged particles

Reduction of particle background
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Electrostatic accelerator

Beams: p, 3He, 4He

Beam energy: 20-400 keV

Beam current: up to 1 mA

Energy spread: 0.1 keV

Stability: 5 eV/h

Windowless gas target:
3 differential pumping stages
gas recirculation and purification system

Solid Target
LN2 cold trap
wobblingLUNA 400 kV

(2001-today)
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One recent measurement: D(p,γ)3He 

It was the most uncertain nuclear
physics input to BBN calculations

Our measurement improved the reliability
in the use of primordial abundances as
probes of the physics of the early Universe
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LUNA 2020
(BBN)

LUNA 2002
(pp chain)



One recent measurement: D(p,γ)3He 

It was the most uncertain nuclear
physics input to BBN calculations

Our measurement improved the reliability
in the use of primordial abundances as
probes of the physics of the early Universe
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The new Ion Beam Facility of LNGS

Inline Cockcroft Walton accelerator

TERMINAL VOLTAGE: 0.2 – 3.5 MV

Beam energy reproducibility: 0.01% TV or 50V

Beam energy stability: 0.001% TV / h

Beam current stability: < 5% / h

H+ beam: 500 - 1000 eµA

He+ beam: 300 - 500 eµA

C+ beam: 100 - 150 eµA

C++ beam: 100 eµA
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LUNA @ the new IBF of LNGS

Measurements proposed to the PAC:

• 14N(p,g)15O → already started (acc. commissioning & calibration)

• 22Ne(a,n)25Mg → expected to start soon

• 12C(12C,p)23Na, 12C(12C,a)20Ne → proposed for 2024
(yet to be approved)

SHADES
Scintillator-He3 Array

for Deep-underground

Experiments on the S-process
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Any questions?
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Backup

federico.ferraro@infn.it Particles In Collisions 2023 37



Discrepancies in indirect measurements
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Energy range of interest

M Aliotta et al 2022 J. Phys. G: Nucl. Part. Phys. 49 010501
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It has been the only underground accelerator for nuclear astrophysics for 25 years

Its results include solar physics (solar neutrinos)
cosmological model
big bang nucleosynthesis (BBN)
stellar nucleosynthesis
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http://server11.infn.it/video/multimedia/esperimento-luna-lngs-2016/Main_Page.html


LUNA 50 kV
(1991-2001)

LUNA 400 kV
(2001-today)

LUNA MV (LNGS-IBF)
(2023-????)

federico.ferraro@infn.it Particles In Collisions 2023 41



Other measurements @ LUNA 400 kV

• 16O(p,g)17F → CNO cycle → just completed

• 21Ne(p,g)22Na → NeNa cycle → just completed

• 23Na(p,a)20Ne → NeNa cycle → present

• 27Al(p,a)24Mg → MgAl cycle → future

ELDAR
Elements in the

Lives and Deaths of stARs
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One historical measurement: 3He(3He,2p)4He
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First direct measurement in the
Gamow window

At 16.5 keV the cross section is 0.02
pb, corresponding to a reaction rate
of approximately 2 events/month.

The absence of a resonance in the
Gamow window allowed to discard
a nuclear solution to the Solar
Neutrino Problem

LUNA

(1996-1999)

C. Broggini et al. / Progress in Particle and Nuclear Physics 98 (2018) 55–84



14N(p,𝛄)15O: the bottleneck of the CNO cycle

More important
for low-mass stars

More important
for high-mass stars
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14N(p,𝛄)15O: the bottleneck of the CNO cycle
•Astronomy and Astrophysics 533(0004-6361)
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https://www.researchgate.net/journal/Astronomy-and-Astrophysics-1432-0746


14N(p,𝛄)15O: the bottleneck of the CNO cycle

Gyürky et al.

To be investigated:
• non-resonant component
• weak transitions (to ground state)
• summing-in corrections
• angular distribution

… all of this in a wide energy range!
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22Ne(α,n)25Mg: neutron source for the s-process
~ half the elements between Fe and Y
(56≲A≲90) are produced via the weak
s-process in massive stars (M > 8Mʘ)

22Ne(α,n)25Mg is a neutron source for
the weak s-process

convective
thermal pulse

(s-process = slow neutron-capture process)
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